Primary hyperoxalurias (PHs) are autosomal recessive disorders caused by the overproduction of oxalate leading to calcium oxalate precipitation in the kidney and eventually to end-stage renal disease. One promising strategy to treat PHs is to reduce the hepatic production of oxalate through substrate reduction therapy by inhibiting liver-specific glycolate oxidase (GO), which controls the conversion of glycolate to glyoxylate, the proposed main precursor to oxalate. Alternatively, diminishing the amount of hepatic lactate dehydrogenase (LDH) expression, the proposed key enzyme responsible for converting glyoxylate to oxalate, should directly prevent the accumulation of oxalate in PH patients. Using RNAi, we provide the first in vivo evidence in mammals to support LDH as the key enzyme responsible for converting glyoxylate to oxalate. In addition, we demonstrate that reduction of hepatic LDH achieves efficient oxalate reduction and prevents calcium oxalate crystal deposition in genetically engineered mouse models of PH types 1 (PH1) and 2 (PH2), as well as in chemically induced PH mouse models. Repression of hepatic LDH in mice did not cause any acute elevation of circulating liver enzymes, lactate acidosis, or exertional myopathy, suggesting further evaluation of liver-specific inhibition of LDH as a potential approach for treating PH1 and PH2 is warranted.
INTRODUCTION
The primary hyperoxalurias (PHs) are a group of autosomal recessive disorders caused by the overproduction of oxalate. Oxalate is an end product of glyoxylate metabolism that is mainly produced in the liver and excreted almost entirely by the kidney. Overproduction of oxalate causes precipitation of highly insoluble calcium oxalate (CaOx) crystals in the kidney, resulting in urolithiasis, nephrocalcinosis, and eventually renal failure. As PH patients progress to end-stage renal disease (ESRD), systemic oxalosis (oxalate deposited in all tissues) often occurs as a result of the combination of overproduction and limited excretion of oxalate. There are three forms of PH in which the underlying genetic defects have been identified, designated as PH types 1 (PH1), 2 (PH2), and 3 (PH3). PH1, caused by mutations in the AGXT gene, leads to impaired activity of the peroxisomal enzyme alanine:glyoxylate aminotransferase (AGT), while PH2 and PH3 are caused by mutations in the GRHPR (glyoxylate reductase/hydroxypyruvate reductase) gene and HOGA1 (4-hydroxy-2-oxoglutarate aldolase 1) gene, respectively. AGT and GRHPR both play central roles in metabolizing glyoxylate, which is generated from glycolate, glycine, and hydroxyproline metabolism in the liver ( Figure 1A ). Glyoxylate is converted into either glycine by AGT, glycolate by GRHPR, or oxalate by lactate dehydrogenase (LDH; encoded by the LDHA gene in the liver). Reduced AGT or GRHPR activity leads to an increased accumulation of glyoxylate and a subsequent over-production of oxalate. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Current treatments for PH1 focus on preserving renal function by decreasing urinary oxalate concentration and CaOx crystallization through increased fluid intake, intensive dialysis, or oral administration of oxalate crystal inhibitors. Additionally, in some patients with PH1, pyridoxine may reduce urinary oxalate excretion. However, these treatments are insufficient, as progressive nephrocalcinosis eventually leads to ESRD in most PH1 patients, where a combined liver and kidney transplant is the only life-saving option. 1, 2, 4, 8, 9 Although generally less severe than PH1, there are also no effective treatments for other forms of PH. 7, 11 LDH is an ideal target for reducing hepatic oxalate production because it is the proposed key enzyme responsible for converting glyoxylate to oxalate in the cytoplasm, the last step of oxalate metabolism in liver. [12] [13] [14] [15] LDH is an enzyme found in nearly all cell types where it regulates the homeostasis of lactate and pyruvate as well as glyoxylate and oxalate metabolism. Functional LDH is composed of four polypeptide chains to form a tetramer. The two most common subunits, known as muscle (M) or heart (H) forms of LDH, are encoded by LDHA and LDHB genes, respectively. Five different isozymes (LDH1 through LDH5) have been identified based on their subunit composition (4H, 3H1M, 2H2M, 1H3M, 4M), and the major isozyme of liver and skeletal muscle, LDH5, has 4M subunits. 16, 17 Although LDH controls the interconversion of pyruvate and lactate in the liver and other tissues, reported patients who completely lack the LDH M-subunit do not exhibit any compromised liver functions. [18] [19] [20] [21] [22] [23] The absence of any liver-specific phenotype in LDHA-deficient pa- targeting Ldha conjugated to GalNAc residues for ligandmediated targeting specifically to hepatocytes (designated as LDHA-1) through subcutaneous injection has an ED 50 of approximately 1.6 mg/kg in wild-type mice (see also Figure S1 ). (C) siRNA targeting Hao1 conjugated to GalNAc residues for ligand-mediated targeting specifically to hepatocytes (designated as HAO1-1) through subcutaneous injection has an ED 50 of approximately 1.0 mg/kg in wild-type mice (see also Figure S1 ). tients and the direct role of LDH in controlling the ultimate step of oxalate production prompted us to evaluate whether liver-specific LDHA inhibition is an effective approach for treating PHs using animal models. We and others have previously demonstrated in animal models that RNAi targeting the glycolate oxidase (GO) enzyme is a novel strategy for treating PH1. 24, 25 In this study, we show that hepatic LDH is an efficient target for reducing oxalate production in animal models of PH1 and PH2, as well as mouse models of chemically induced hyperoxaluria. Administration of LDHA RNAi conjugate achieves potent and durable reduction of LDH protein and enzyme activity in mice and non-human primates (NHPs). In addition, we demonstrate that specific inhibition of hepatic LDH is sufficient to significantly reduce urinary oxalate in a hyperoxaluria-prone environment where GO enzyme retains full functionality. Together, our results provide the first in vivo evidence that supports the physiological role of hepatic LDH as the main enzyme for oxalate production.
RESULTS
We and others have previously demonstrated that inhibition of GO with small interfering RNAs (siRNAs) delivered by lipid nanoparticle (LNP) reduces urinary oxalate levels in mouse models of PH1. [24] [25] [26] [27] To evaluate LDH as an efficient target for the treatment of PH because of its proposed role in the final step of oxalate production, we compared the relationship between oxalate reduction and target protein inhibition following RNAimediated silencing of Ldha or Hao1 (the gene encoding GO) in PH1, PH2, and chemically induced hyperoxaluria mouse models. 24 ,26 a precursor of glycolate, where GO inhibition is sufficient to prevent the damage. 24 To determine whether the reduction of oxalate production by inhibition of hepatic LDH is sufficient to prevent kidney damage, male Agxt1 À/À mice were given free access to drinking water containing EG while being subjected to weekly treatments with LDHA-1. EG feeding resulted in an increase in urinary oxalate concentrations to more than 1,000 mg/g (normalized with creatinine), which was significantly inhibited by treatment with LDHA-1 (Figures 2A and 2B ). Continued suppression of LDH protein with eight weekly doses of LDHA-1 reduced urinary oxalate levels to approximately 260 mg/g, which is near the baseline levels of wild-type mice (Figure 2A ). Histological characterization of kidney tissue shows variable degrees of kidney CaOx deposits in control mice that were effectively blocked with LDHA-1 treatment ( Figure 2B ; Figure S2 ). These results demonstrate that utilizing LDHA-1 to reduce hepatic LDH expression is sufficient to protect against kidney CaOx deposition and prevent hyperoxaluria in a prolonged and aggravated oxalate-producing environment, thus preventing kidney damage in PH type I.
Hepatic LDH Silencing Efficiently Reduces Oxalate in the

Agxt1
-/-PH1 Mouse Model
A role for GO in converting glyoxylate to oxalate has been proposed; 8, [12] [13] [14] 25 however, it has not been extensively evaluated experimentally. Using purified human recombinant enzyme, it was suggested that GO does not play a major role in converting glyoxylate to oxalate. 12 were chosen to achieve a broad range of comparable levels of target protein inhibition (Figure 3) . Notably, we observed a disproportionate correlation between GO protein suppression and urinary oxalate reduction in mice treated with HAO1-1 ( Figures 3A, 3C , and 3D). While mice treated with LDHA-1 showed a meaningful reduction of urinary oxalate levels even at siRNA dose levels resulting in less than 50% reduction of LDH protein expression ( Figures  3A, 3B , and 3D), greater reduction of GO protein compared with LDH was required to elicit an effect on oxalate reduction. These results support that LDH and GO play distinct roles in the glyoxylate and oxalate metabolic pathways. Similarly, this was further confirmed by a disproportionate relationship between GO protein repression and the accumulation of glycolate following HAO1-1 treatment ( Figure S3 ). We do not yet fully understand the mechanisms that contribute to the disproportionate relationship between GO protein repression and oxalate reduction; these results support that a critical level of GO silencing is necessary to achieve a meaningful reduction of urinary oxalate concentrations while reduction of LDH and urinary oxalate are directly related. Regardless of whether this disproportionate relationship is simply due to an excess amount of GO enzyme in the liver or due to metabolic adaptability, these results suggest a key and unique role of hepatic LDH in oxalate production and further support the therapeutic targeting of hepatic LDH to achieve oxalate reduction in PH1.
GO Reduction Induces Glycolate Accumulation in a Disproportionate Manner in NHPs
To investigate whether the disproportionate relationship between GO reduction and glycolate accumulation is common across species, we examined the relationship between GO protein suppression and plasma glycolate accumulation in NHPs. Repeat dosing of cynomolgus monkeys with HAO1-1 significantly reduced HAO1 mRNA and GO protein levels in NHPs ( Figures 4A and 4B ). Following treatment with HAO1-1, we observed an increase in plasma glycolate levels that corresponded to the HAO1-1 dose level and dosing frequency (Figure 4A ). We also observed that the subsequent reversal of elevated plasma glycolate occurred more rapidly than recovery of GO protein expression following the final dose of HAO1-1 ( Figure 4A ). For example, at study week 19, GO protein remained substantially repressed while plasma glycolate levels had declined back to nearbaseline levels ( Figure 4A ). Particularly, for animals receivingreduced to near-baseline levels between weeks 15 and 19 (p < 0.05), during which time GO protein suppression was maintained (Figure 4A ). This disproportionate relationship between GO protein repression and glycolate accumulation was further emphasized when GO protein and plasma glycolate levels for individual animals were compared ( Figure 4C ). Taken together, these results suggest that LDH and GO play distinct roles in the glyoxylate and oxalate metabolic pathways in both rodent and NHP hepatocytes. To better determine the therapeutic potential of targeting hepatic LDH, we Figure S2 . Scale bars represent 100 mm (first and second rows), 200 mm (third row), or 1 mm (bottom row).
continued to characterize and compare the roles of LDH and GO in oxalate production in genetically engineered or chemically induced animal models of PH.
Hepatic LDH, but Not GO, Plays a Direct Physiological Role in Oxalate Production
To thoroughly scrutinize the physiological roles of GO and LDH in glyoxylate-to-oxalate conversion, we deliberately created a potential hyperoxaluric condition in mice through the combination of gene knockdown and EG precursor feeding as a way to further increase the hypothetical glyoxylate pool. Agxt1 À/À mice were treated weekly with both GRHPR-1 and LDHA-1 while retaining fully functional GO enzyme. In these mice, hepatic AGT and GRHPR were reduced, and the conversion of glyoxylate to glycine or glycolate, respectively, should be limited. Assuming glyoxylate is the main precursor of oxalate, our observation of high initial levels of oxalate in these animals suggests that excess levels of glyoxylate should be available in this condition to be converted into oxalate by LDH and GO, if GO plays a role in glyoxylate-to-oxalate conversion. siRNA-mediated inhibition of hepatic LDH would not be sufficient to prevent hyperoxaluria if GO were also able to efficiently convert excess glyoxylate into oxalate. We observed that, in the presence or absence of EG, reduction of LDH was able to continually reduce urinary oxalate levels in an environment with presumably high levels of glyoxylate while maintaining fully functional GO enzyme ( Figure 5A ). As predicted, urinary glycolate levels were reduced over time as a result of functional GO enzyme converting glycolate to glyoxylate ( Figure 5B ). These results further support that there is only one key enzyme, LDH, that catalyzes the conversion of glyoxylate to oxalate even in an environment with excess upstream precursors available from endogenous or exogenous sources.
Targeting Hepatic LDH Reduces Urinary Oxalate Levels in a
To further evaluate the therapeutic role of hepatic LDH in PH, we employed a genetically engineered murine model of PH2. Grhpr
mice carry a germline null mutation in the gene encoding GRHPR, resulting in a higher baseline of urinary oxalate levels compared with their wild-type counterparts. 28 Grhpr À/À animals were treated weekly with LDHA-1, and urinary oxalate levels were assessed. Levels of urinary oxalate were reduced after LDHA-1, but not HAO1-1, treatment ( Figure 6A ). Similarly, oxalate excretion rates over a period of 24 hr were also reduced with LDHA-1 compared with HAO1-1 treatment ( Figure S4 ). We then further confirmed that LDH, but not GO, suppression causes the reduction of urinary oxalate levels in a Grhpr-knockdown PH2 mouse model, a model that represents PH2 patients who have residual GRHPR enzyme remaining in hepatocytes. A similar window of oxalate elevation was observed in the Grhpr-knockdown PH2 mice compared with Grhpr À/À mice. Similarly, LDH reduction was able to prevent oxalate elevation in Grhpr-knockdown mice while suppression of neither GO nor hydroxyproline dehydrogenase (HYPDH) protein expression showed an effect on urinary oxalate levels ( Figure 6B ). Less than 10% of baseline levels of target genes remained after siRNA treatment ( Figure S5 ), further confirming that the observed differences in reduction of urinary oxalate levels are specific to the distinct roles of GO, HYPDH, and LDH in glyoxylate and oxalate metabolism. Taken together, our results imply that targeting LDH, rather than GO, can be an effective approach for treating PH2.
Inhibition of LDH Reduces Urinary Oxalate Levels in EG-and Hydroxyproline-Induced Models of Hyperoxaluria
We utilized low concentrations of EG and hydroxyproline feeding as chemically induced mouse models for investigating the roles of LDH in oxalate production under hyperoxaluric conditions in mice without mutations in AGT or GRHPR. Wild-type mice were provided free access to 0.7% EG in their drinking water and injected weekly with LDHA-1 or HAO1-1. EG-fed mice showed a gradual elevation of urinary oxalate levels that peaked between 4 and 6 weeks despite sufficient GO reduction (Figures 6C and 6D ; Figure S6 ). In contrast, LDHA-1 treatment reduced urinary oxalate to near-baseline levels ( Figure 6C ). Moreover, LDHA-1 treatment reduced urinary oxalate levels to near-baseline levels in Grhpr-knockdown PH2 mice simultaneously fed with EG ( Figure 6E ). Wild-type mice pre-treated for 2 weeks with LDHA-1 were then given 1% hydroxyproline-containing food for 2 additional weeks, while continuing to receive weekly doses of LDHA-1. Treatment with LDHA-1 significantly reduced urinary oxalate levels to near-baseline levels ( Figure 6F ). Taken together, these results suggest that hepatic LDH is an efficient target for oxalate reduction in a hyperoxaluric environment not caused by mutations in AGT or GRHPR, and further support its key role in glyoxylate-to-oxalate conversion.
LDHA RNAi Duplex Is Active in NHPs and Chimeric Mice with Humanized Livers
To confirm that our LDHA knockdown approach is effective across species, we evaluated inhibition of LDHA target mRNA in Portions of animals receiving LDHA-1 or HAO1-1 at different dose levels (n = 5 for each group) were euthanized and analyzed for their relative target protein expression (mean ± SD) in the livers at day 10 compared with their urinary oxalate levels normalized to creatinine (mean ± SD) at day 14. Days 10 and 14 represent the nadir of protein and oxalate reduction, respectively. One-way ANOVA test for statistical significance relative to pre-dose. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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NHPs and in chimeric mice with human hepatocyte replacement of their livers. An NHP-and human-specific LDHA siRNA, designated as LDHA-2, was identified and evaluated in cynomolgus monkeys and chimeric mice. LDHA-2 was s.c. injected into cynomolgus monkeys with different regimens (Figure 7 ). Liver biopsies were collected at varying time points and analyzed for target mRNA and protein levels, as well as the enzymatic activity of LDH. We demonstrated that LDHA-2 potently suppressed LDHA mRNA expression, resulting in a significant reduction of LDH protein with more than 50% of inhibition sustained for 8 weeks after the final dose ( Figures 7A-7C ). Furthermore, LDH activity in liver extracts prepared from treated NHPs was reduced with LDHA-2 treatment ( Figure 7D ). PXB mice are chimeric mice on an immunocompromised genetic background with a humanized liver that is highly repopulated by human hepatocytes. 29 In this study, chimeric mice were estimated to have around 80% of the liver repopulated with human hepatocytes based on circulating human-albumin levels. Similarly, we demonstrated that LDHA-2 achieved specific inhibition of human LDHA mRNA in chimeric mice containing human hepatocytes ( Figure 7E) . 29 LDHA-2 displayed expected target delivery and gene suppression in monkey and human hepatocytes, suggesting our approach is translatable across species.
Liver-Specific Inhibition of LDH Exhibits No Acute Lactic Acidosis or Liver Toxicity in Mice
In addition to its role in oxalate production, LDH regulates the systemic balance of pyruvate and lactate levels in the body. In this process, referred to as the Cori cycle, lactate produced in the muscle or other organs during anaerobic glycolysis is transferred to the liver and kidney for conversion to pyruvate by LDH for subsequent gluconeogenesis ( Figure S7 ). 30 One potential side effect for liver-specific downregulation of LDHA could be the accumulation of circulating lactate. In order to understand the possible development of lactate acidosis following liver-specific LDHA knockdown, we treated wild-type and Agxt1
À/À mice weekly with high-dose levels of LDHA-1 for 6 weeks. Notably, no elevation of plasma lactate level, weight loss, or evidence of liver toxicity was detected in wild-type or Agxt1 À/À mice at any dose level (Figure 8 ; Figures S8 and S9) . Also, in this short-term study, LDHA-1 treatment inhibited Ldha expression only in the liver and not in the kidney, muscle, skin, or uterus, where Ldha inhibition might affect their normal function ( Figure 8E ). These results illustrate that liver-specific LDHA knockdown using an RNAi approach does not cause any acute effects on lactate homeostasis or acute liver toxicity in mice.
Collectively, our data demonstrate that liver-specific knockdown of LDHA results in potent and durable target inhibition in diseased mice, mice with humanized livers, and NHPs, suggesting a common molecular mechanism of target inhibition across species.
DISCUSSION
In this study, we established the pivotal role of LDH in oxalate production and its subsequent urinary excretion in several models of PH. Liver-specific suppression of Ldha mRNA expression efficiently reduces hepatic LDH enzyme in wild-type and PH1 mice, as well as urinary oxalate levels in all assessed hyperoxaluria animal models. siRNAs designed to specifically target hepatocytes also avoided potential undesired target knockdown in muscle, skin, or uterus in a short-term study in mice.
Potential Differences in the Oxalate Metabolic Pathways and Kidney Physiology Between Mice, Monkeys, and Humans
We demonstrate that inhibition of hepatic LDH is efficient for reducing urinary oxalate levels in several experimental models of hyperoxaluria. Our short-term study of high-dose levels of LDHA-1 treatment also yielded no acute liver toxicity in mice, which agrees with the observed absence of any liver-specific phenotype in LDHA-deficient patients. [18] [19] [20] [21] [22] [23] However, there are potential differences in the oxalate metabolic pathways, as well as in kidney and general physiology between mice, monkeys, and humans that should be considered. For example, HOGA1 deficiency causes PH3 in humans by an unidentified mechanism, while Hoga1 deficiency presents with normal urinary oxalate in mice (Figure S10) . [31] [32] [33] [34] [35] [36] AGT deficiency causes kidney stones in humans, yet frequently fails to induce CaOx deposition in mice without the administration of EG. 26 One of the best studied aspects of AGT is its subcellular localization in various organisms. In mice and rats, AGT is present both in the mitochondria and peroxisomes, while in humans and rabbits, it is exclusively located in the peroxisome. 37 However, there is limited information available regarding the expression level, protein stability, or catalytic activity of AGT enzymes, all of which could contribute to species-specific differences in the AGT-deficient phenotype. Additionally, siRNAmediated reduction of AGT expression in monkeys did not induce hyperoxaluria as it does in the PH1 mouse model and in PH1 patients ( Figure S11 ), further supporting the need for further understanding of species differences in future preclinical and clinical studies.
In an effort to examine other potential therapeutic targets, we found that targeting hepatic HYPDH does not impact oxalate production and does not induce an accumulation of hydroxyproline in a mouse model of PH1 ( Figure S12 ). However, reduction of Hypdh expression induced an accumulation of hydroxyproline when high amounts of hydroxyproline were included in the diet ( Figure S12 ). These results suggest that regular turnover of collagen and subsequent hydroxyproline production is not a main source of oxalate in mice, as it is believed to be in humans, 28, 36 which poses another potential difference between species.
Interestingly, in all studies we have conducted in wild-type mice or in NHPs with liver-specific suppression of LDH, we have not detected any elevation of glycolate in urine or plasma samples ( Figure S13 ). Male and female Agxt1 À/À mice treated with LDHA-1 also did not demonstrate any further elevation of glycolate compared with PBStreated mice ( Figure S14 ). Inhibition of hepatic LDH is predicted to result in an accumulation of glyoxylate that can be converted efficiently to glycolate by GRHPR in PH1. The absence of glycolate elevation with LDH inhibition deserves further exploration.
Evaluation of Potential Metabolic Complications of Inhibition of Hepatic LDH
Patients with hereditary LDHA deficiency have been reported to present with exertional myopathy, erythematosquamous skin lesions, and uterine stiffness during pregnancy; however, there are no reports of liver-specific toxicities. [18] [19] [20] [21] [22] [23] 38, 39 An RNAi approach with GalNAcconjugated siRNAs for liver-specific knockdown of Ldha demonstrates in mice that there is no significant knockdown of Ldha in muscle, skin, or uterine tissue (Figure 8 ). We have observed normal lactate production and regular performance during exercise in wildtype mice treated with LDHA-1 ( Figure S15 ), suggesting muscle LDH function was not affected in this study. Another potential concern for liver-specific inhibition of LDHA is the possibility of systemic lactic acidosis. Under normal conditions, referred to as the Cori cycle, the liver and kidneys will uptake lactate generated in muscle and other tissues from anaerobic glycolysis for conversion to pyruvate by LDH for subsequent gluconeogenesis. 30 We did not observe any elevation of circulating lactate in wild-type mice, Agxt1 À/À mice, or
NHPs with liver-specific LDHA knockdown (Figure 8 ; Figure S16 ). One potential explanation for this observation is that residual hepatic LDH or the uninhibited kidney LDH activity may be sufficient for completion of the Cori cycle. It is also possible that LDH may exhibit more catalytic efficiency for pyruvate-to-lactate interconversion compared with glyoxylate-to-oxalate conversion; thus, a greater impact from reduction of LDH enzyme will be observed on oxalate production than on lactate homeostasis. However, it is worth noting that LDH enzyme kinetics are highly dependent on the concentrations of lactate and pyruvate, where, at equilibrium, higher amounts of lactate compared to pyruvate are present in the cell. Production of lactate depends on pyruvate, which is a crossroads of glycolysis, glycogenosis, and gluconeogenesis pathways. 40, 41 Due to the role of LDH in the Cori cycle, it is possible that liver-specific deficiency of LDHA could also lead to myopathy and other adverse effects because of a potential impact on gluconeogenesis in the liver caused by the reduction of pyruvate production from lactate. Pyruvate serves as one of the key intermediates for gluconeogenesis.
We have observed normal muscle performance that was accompanied with increased glycolysis as demonstrated by the transient elevation of pyruvate in LDHA-1-treated mice ( Figure S15 ). These results imply that there is no defect in hepatic gluconeogenesis and glucose resupply from the liver to muscle cells with liver-specific Ldha silencing. However, we could not rule out the possibility that rodents employ different pathways to maintain blood glucose than humans. Together, as aforementioned, due to the potential differences in metabolism and physiology between species, future clinical evaluation of liver-specific LDH inhibition as a therapeutic approach is required to fully understand its impact on all relevant metabolic pathways.
In mice, Ldha null mutations have been reported to cause either embryonic lethality or hemolytic anemia. 42, 43 This phenotypic discrepancy in the severity of LDHA deficiency between mice and humans can be attributed to the diverse levels of LDHB expression that can compensate for cell respiration function during early embryo development and erythropoiesis across species. [42] [43] [44] Regardless of the differences in the Unpaired t test for statistical significance relative to control group. (F) Male C57BL/6 mice were injected with LDHA-1 weekly. Concurrent with the third dose, 1% of hydroxyproline was added to their diet. Urine samples were collected at the end of the fourth week for analysis of urinary oxalate levels with LC/MS. Data are presented as mean ± SD (n = 5). Unpaired t test for statistical significance relative to control group. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. ns, nonsignificant. levels of LDHA expression during embryonic development between mice and humans, GalNAc-conjugated siRNAs are unable to penetrate the placenta to reach developing embryos. Correspondingly, we have demonstrated that liver-specific reduction of LDH with LDHA-1 treatment does not affect pregnancy, litter size, or survival to maturity in female wild-type mice ( Figure S17 ).
In summary, our preclinical research clearly demonstrates that liverspecific suppression of LDH is efficacious in mouse models of PH1 and PH2, and shows the expected pharmacological activity in NHPs. By utilizing RNAi as a means to dissect the glyoxylate metabolic pathway in animal models, we have demonstrated that hepatic LDH is the key enzyme for oxalate production in all evaluated models of PH.
MATERIALS AND METHODS
Selection of Lead siRNAs
LDHA-1 and LDHA-2 siRNAs were identified through a process of large-scale screening of siRNAs for mRNA knockdown activity One-way ANOVA test for statistical significance relative to pre-dose. (E) PXB mice with humanized livers were given three weekly injections of 5 mg/kg LDHA-2 (n = 3) or PBS as a control (n = 3). Liver samples were collected 10 days after the final dose for measurement of LDHA mRNA repression. RT-PCR analysis were performed using human or mouse-specific primers. Data are presented as mean ± SD (n = 5). Unpaired t test for statistical significance relative to control group. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. ns, non-significant; Q2W, once every 2 weeks; Q4W, once every 4 weeks.
in vitro in HeLa cells (data not shown). RNA strands for siRNA duplexes were synthesized purified at Integrated DNA Technologies (Coralville, IA, USA). The final siRNA-GalNAc conjugates had a 36/22-mer duplex RNA structure, with a 36-nt sense strand composed of modified RNA and GalNAc conjugation that was annealed to a 22-nt modified RNA antisense strand. The siRNAs were modified with either 2 0 -OMe or 2 0 -F on their sugar moieties. In vivo ED 50 s were determined in 6-week-old female CD-1 mice expressing endogenous mouse or exogenous human LDHA genes via s.c. injection. The lead HAO1-1 siRNA identified previously was conjugated with GalNAc and evaluated in 6-week-old female CD-1 mice. siRNAs for Grhpr, Hypdh, Hoga, and Agxt were identified through a similar but smaller-scale screening process. After confirmation of activity in CD-1 mice, Grhpr, Hypdh, and Hoga siRNAs were used for mouse proof-of-concept studies. A second Grhpr siRNA was conjugated with GalNAc and evaluated in CD-1 mice for further proof-of-concept studies. Agxt1 siRNA, formulated in LNP, was tested for suppression of AGT protein in male C57BL/6 mice following a single IV injection.
Mouse Models and In Vivo Testing
All animal experiments complied with the animal protocols approved by Dicerna's Institutional Animal Care and Use Committee. Mice were kept in a pathogen-free facility, with free access to standard chow (Picolab Rodent Diet 20; Lab Supply, Fort Worth, TX, USA) and water unless otherwise noted. CD-1 mice (Charles River Laboratories, Wilmington, MA, USA) were used for in vivo screening of siRNA activity. C57BL/6 mice (Harlan Laboratories, Indianapolis, IN, USA) were used for testing the efficacy of lead siRNA conjugates.
For evaluating the effects of Ldha inhibition on lactate production in the muscle, we treated female CD-1 mice with four weekly doses of LDHA-1 and subjected them to a treadmill endurance test using a Panlab treadmill, model LE8708TS (Harvard Apparatus, Holliston, MA, USA). After conditioning on the treadmill, the study was initiated at a speed of 15 cm/s and a 10% incline. Treadmill speed was increased by approximately 3 cm/s every 3 min to a maximum speed of 38 cm/s until the mice were exhausted, which is defined by delayed response to 1.5 mA incentive stimulus imposed at the end of the treadmill. For one set of animals, approximately 10 mL blood samples were collected from the tail vein immediately, 5, 10, 30, or 60 min after exhaustion for analysis of lactate and pyruvate. A second set of animals was immediately sacrificed for blood and tissue collection.
Liver-specific targeting of LDHA-1 was assessed in female CD-1 mice during pregnancy. Female mice were pre-dosed with four weekly doses of LDHA-1, at which time they were mated to male CD-1 mice. Mice were visually observed and body weight measured to determine pregnancy status. Dosing continued until approximately 1 week before their anticipated delivery date. Immediately after delivery, litters were counted and all of the mothers sacrificed for tissue collection. The pups were sacrificed either immediately after birth or at time of full maturity (3 weeks of age) for mRNA analysis of liver tissue.
Agxt1
À/À and Grhpr À/À mice were described previously. [24] [25] [26] [27] [28] Agxt1-, Grhpr-, or Hoga1-deficient mice were generated through a knockdown strategy utilizing siRNAs formulated in LNPs to reduce the expression of Agxt1, Grhpr, or Hoga1 mRNA in C57BL/6 mice (Harlan Laboratories, Indianapolis, IN, USA). Dosing with PBS or siRNAs was done via s.c. injection for GalNAc-conjugated siRNAs or via intravenous injection for siRNAs in LNPs. EG was purchased from Sigma-Aldrich (St. Louis, MO, USA). In EG studies, mice were given free access to drinking water containing 0.7%, 1.4%, or 2.8% EG. Urine samples for all studies were collected manually or for approximately 18 hr using metabolic cages. Urine was acidified before analysis using previously published methods. 26, 27 Agxt1 knockdown mice were also subjected to hydroxyproline feeding. Mice were given free access to a custom animal diet (Research Diets, New Brunswick, NJ, USA) containing 1% hydroxyproline (SigmaAldrich, St. Louis, MO, USA). Urine samples from mice fed control versus hydroxyproline diet was measured for hydroxyproline content using a Hydroxyproline Assay Kit (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer's instructions. Due to the extremely low levels of hydroxyproline in most of the samples, absolute concentration of hydroxyproline could not be accurately calculated. Instead, absorbance values at 560 nm were compared.
Humanized liver mice (PXB mice) were purchased from PhoenixBio. 29 In brief, cDNA-urokinase-type plasminogen activator (uPA)/severe combined immunodeficiency (SCID) mice were transplanted with human hepatocytes (approximately 80% replacement). Transplant levels are calculated from measurement of blood human-albumin levels.
Blood Collections and Analysis
Terminal blood collections in mice were collected by cardiac puncture and processed to plasma using K 2 EDTA or to serum using serum clot activator MiniCollect Plasma and Serum Tubes (Greiner Bio-One, Kremsmünster, Austria). Circulating alanine aminotransferase, aspartate aminotransferase, and alkaline phosphatase were measured by IDEXX BioResearch Laboratories (Grafton, MA, USA) using their established protocols. Urine oxalate was measured using a clinical oxalate oxidase assay (Trinity Biotech, Wicklow, Ireland) modified for use with murine samples. Urine creatinine was measured using a standard creatinine detection kit (Enzo Life Sciences, Lausen, Switzerland).
LC/MS Method for Oxalate and Glycolate Measurement
Oxalate and glycolate were determined by methods based on liquid chromatography combined with mass spectrometry (MS) detection (LC/MS) on a triple-quadrupole instrument (API 5500; AB Sciex, Framingham, MA, USA) by electrospray ionization (ESI) and multiple reaction monitoring. Mouse and NHP urine samples were analyzed for oxalate and glycolate after sample dilution by hydrophilic interaction liquid chromatography and MS detection in www.moleculartherapy.org the negative ESI mode. Glycolate was determined in NHP plasma samples by protein precipitation, followed by chemical derivatization and analysis by reverse-phase LC and MS detection in the positive ESI mode. Stable-label internal standards ( 13 C 2 -oxalate and 13 C 2 -glycolate) were utilized for quantification. Calibration curves were made in surrogate matrix. Quality-control samples were analyzed in triplicates at a minimum of three concentration levels in each analytical batch. The observed inaccuracy (%Bias) and precision (%CV [coefficient of variation]) for quality-control samples were less than 15% for all analyses.
NHP Study
Treatment of the animals was conducted by a certified contract research organization in accordance with the testing facility's standard operating procedure, which adheres to the regulations outlined in the US Department of Agriculture Animal Welfare Act (9 CFR, Parts 1-3) and the conditions specified in the Guide for the Care and Use of Laboratory Animals (ILAR publication, 1996, National Academy Press). Animals were given s.c. injections of siRNA in the interscapular region at the indicated time points. Dose administration and blood sample collection were conducted utilizing alert animals restrained in a primate produce restrainer system. Animals were fasted overnight (for a minimum of 12 hr) prior to the first scheduled blood collection on a given day. Blood samples were collected into serum separator tubes or EDTA tubes for preparation of serum and plasma, respectively. Blood sample and liver biopsy collections were scheduled relative to the end of the test article administration (±1.0 hr). At time points with liver biopsy and blood sample collection, animals were alert sampled prior to sedation for liver biopsy. For liver biopsies, animals were sedated with Telazol (4-6 mg/kg) and supplemented with ketamine (approximately 5 mg/kg). A percutaneous liver biopsy sample (approximately 20 mg of tissue) was collected. The sample was split in half for preservation in RNAlater (Thermo Fisher Scientific, Waltham, MA) or frozen at À70 C. For urine collections, animals were fasted and a urine collection pan was placed beneath the animal cage overnight. Urine samples were obtained in the morning before feeding. The volume of urine was recorded and the sample kept frozen at À70 C prior to analysis.
Statistical Analysis
Data are presented in graphs prepared using GraphPad Prism 7.02 (GraphPad Software, La Jolla, CA, USA) as mean ± SD. One-way ANOVA followed by Dunnett's multiple comparisons test or unpaired t tests were run using GraphPad Prism 7.02. Statistical significance is denoted as asterisks on the graphs (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). 
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